Although the most commonly used quantitative parameter in flow injec tion analysis (f.i.a.) is the peak maximum, the originators of the technique, Ruzicka and Hansen have shown that analytical information is available from other properties of the response curve (see, e.g. [1] ). The peak maximum has the advantage of being very easily located on the recording of detector re sponse vs. time and its use is thus more in keeping with the general philosophy of f.i.a. than, for example, peak area or a point on the peak tail which require additional signal-processing devices. However, the use of peak height suffers from the same limitations as for conventional steady-state analyses, namely that an upper limit to the working range is set. This may be due to the re sponse being "off-scale" or into a very non-linear part of the calibration function or because there is insufficient reagent to produce the appropriate amount of product.
These disadvantages may be overcome if the width of the peak is mea sured. Under appropriate circumstances, the points between which the peak width is to be measured may be identified accurately using only a chart recorder. Previously, such methods have been referred to as "titrations" [2] , "pseudotitrations" [3] , "variable-time kinetic" methods [ 4] and· "scale expansion" methods [5] . Some of these terms are misleading and all obscure the basis of the quantification, namely measurement of peak width, which must be confusing to newcomers to the technique. It is proposed here that all methods encompassed by the terminology above be known as "peak width" methods and that these form a subset of all "time-based" methods in f.i.a. This latter set would also include methods based on "electronic dilu tion" [6] , "gradient calibration" (both decreasing [6] and increasing [7] ), "stopped flow" [8] , "gradient scanning" [9] and "zone sampling" [10] amongst others.
In order to obtain a relationship between peak width and the concentra tion of the material injected, the concentration/time (C, t) equations for the rise and fall curves must be known. If the C, t equations are exponentials, as produced by a well-stirred mixing chamber, then the peak width is related to the logarithm of the concentration. Two groups of workers have previously derived peak-width equations, several of which are inaccurate. Ruzicka and co-workers [2, 6] assumed that the injected sample volume was instantly dis persed throughout the mixing chamber and then washed out. This is the tanks-in-series model for dispersion behaviour [11] with the number of tanks reduced to one and does not correspond to the situation, often adopted in practice, in which a real mixing chamber is introduced into the manifold and the sample slug flows into the tank. It is also possible in practice for the in jected volume to be larger than the tank volume, a situation not covered by this version of the tanks-in-series model. Olsen et al. [6] considered that, for a system without a real mixing chamber, the dispersion produced was equiva lent to wash out from a tank comprising the reactor volume plus half the injected volume. This situation is possibly covered better by the "one-tank" model but examination of their experimental results shows the rise time to occupy a significant proportion of the total peak time, at variance with the prediction of an infinitely fast rise time. This paper [6] also corrects an error in the equivalence condition made in the earlier paper [2] , but perpetuates the hidden approximation in deriving the equation for the single-line mani fold.
Pardue and Fields [ 4] adopted a model based on slug flow up to a well stirred tank, but make unnecessary approximations in deriving their final peak-width equation and also perpetuate the error in the equivalence condi tion.
Here, exact equations are derived for the passage of an injected slug through a well stirred mixing chamber for a single-line manifold for the con ditions (a) no reagent in the carrier stream and (b) reagent in the carrier stream. The equations are also applied to a merging stream manifold in which the dispersed sample zone is merged with· a stream of reagent. The potential of the peak-width method for extending the working range of a technique, particularly when a manifold with a low dispersion coefficient is used and the product of the reaction is followed, is demonstrated. The derivation of the equations makes use of the concept of reagent dispersion coefficient and the usefulness of this concept in other f.i.a. situations is discussed.
DERIVATION OF PEAK-WIDTH EQUATIONS

Physical dispersion in a well stirred mixing chamber
The manifold and underlying assumptions are shown in Fig. lA. An abbre viated version of this derivation has been given [12] ' . A fuller version is given in Appendix 1 together with some.· other useful equations relating to this model [1 3 ] . The resulting equation (all symbols are explained in Table 1 ) is
( 1) Thus the· width of the peak is not directly proportional to the logarithm of the injected concentration but to the function ln [(C" m /C') -1]. The former relationship is only .obtained if the approximation C':n/C' ;:,, 1 is valid and hence' (C':n/C') -1 "" C':n/C'; The extent to which this approximation is valid will be discussed later ..
Physical dispersion of sample and reagent
. . Just as the dispersion coefficient based. on the injected sample material is given by· D = C':n/C� ( 2 ) it is prop, ?sed that the reagent dispersion coefficient be defined by D R = C�:.f c: ( 3) These definitions are valid for a�y single-line manifold, of course, and can be extended to any point on the reagent or sample profile:
The con�entrations involved are indicated in Fig. 2A . 
D� =
The corresponding. eq�ati6ns'' .for the dispersion coefficients at the peak maxima are obtained by_ dropping. the subscript g. An experimental verifica tion of Eqns. 6( a) and 6(b), will .be described later, as will some other appli cations of the equations. The equations· are in agreement with that derived previously for the w e, 11 stir!ed)nixing chamber model [13] .
Chemical reaction betwe�n sample and reagent in a well stirred mixing chamber \ · · If c R is always greate�)han c s across the profile (as shown in Fig. 2A ), then the peak width of the product profile (Fig. 2B ) will be as given in Eqn. 1 for the single-line manifold (Fig. lA) and will be modified (Fig. 2C ) by the inclusion of the flow rates of the sample carrier stream and merging reagent stream to account for, the dilution at the confluence point, for the manifold shown in Fig. lB: '. '[ . ,t/:' ::; ·,
The equation is derived in f�ll in Appendix 2.
Taking the single-lip_-e ; 'manifold case first, if the dispersion produced is such that c s >.C R in the profile centre (the reagent is in deficit, as shown in 
S.
Here it is assumed that this ratio is 1: 1 ( the full equations for a ratio m :n are given in Appendix 4). These profiles represent the situation properly de scribed as a "titration", as there are equivalence points on the rise and fall curves.
The concentration of reagent and sample at these points if reaction occurs, C eq , may be found from either version ofEqn. 6. For example, from Eqn. 6(b), at an equivalence point Ci; q = C ! q for a 1:1 reaction
thus C�/. C! = (c�;c: q ) -1, and C�/C: q = (CS m + C!)/C!, so c: q = c�;'C!/(C� + C!). (8) ', '. ,:
. '
As Eqn. (8) is derived from Eqn. 6, its validity is independent of the curve shape and shows . .that, provided all elements of the sample and reagent zones are subject to the same dispersion effects, the line joining the two equiva lence points is paralleI"to the time axis. The peak width at the equivalence point, A t eq , is obtained by substituting C e q for C' in Egn. 1 and for C e q from Eqn. 8. This gives
Thus, without �y approximation, At eq is a linear function of In C�. The corresponding equation for the manifold shown in Fig. lB is derived in Appendix 3 and· is.
..
In the situationwherethe flow rates are equal (u R = u s ), Eqn. 10 reduces to
It should be noted that A t e q represents a real peak width only for the pro duct profile (which has now become a double peak as shown in Fig. 3B ) and represents a hypothetical width for the reagent and sample profiles (physical dispersion without chemical reaction). If the real reagent or sample profile is followed, as is often the· case in reports of the application of this type of peak-width method in f.i.a., then there is a practical problem of locating the equivalence points. As they are at points in which the gradients of the pro files show the greatest . change, this is often taken as the criterion for their location. It should also be noted that the equivalence concentration in the single-line manifold case is a function of the injected concentration and thus the corresponding. concentration level of reagent or sample at the equiva lence points varies.with C�. Thus selection of a single measurement level, as is invariably done in practice, represents a further approximation in the method. Equations 9-11 may also be used to calculate a limiting concentration for a given set of experimental conditions at which At eq becomes zero and thus the "limit of detection" has been reached. However, the equations also clearly show that it is easy to arrange matters so that this limit is never reached. Putting A t eq = 0 for Eqn. 9, for example, shows that the limit is reached when C;,,/C! = D -1. And thus, no matter how small the ratio C�/C! is, a peak width will be obtained provided that D is small enough. In practical terms, the easiest way to achieve this is to inject a sufficiently large volume. Such a volume is readily calculated from the equation
(Eqn. Al.7, Appendix 1) for any given volume of mixing chamber; substi tuting from the peak maximum version of Eqn. 6 gives
This is a further example of the use of the reagent dispersion coefficient concept.
There is thus no reason to limit the concentration of the injected material to values greater than the concentration of the reagent in the carrier stream as seems to be common practice [14] . The larger the volume injected, the smaller the sampling frequency and so speed of analysis is a trade-off for decreasing the C':n/C! ratio. This aspect will be discussed later.
It is suggested here that the full potential of the peak-width method is realised only with a single-line manifold of small dispersion coefficient in which the concentration of the product is monitored. This produces doublet peaks as illustrated in Fig. 3B . There is then no difficulty in locating the equivalence points. The limit of detection is set by the ability of the detector to detect a product peak above the baseline noise. Furthermore, there is no need for the detector response to be linearly related to concentration and no need to maintain the same response parameters for each sample injected. An example in which the sample concentration was varied over five orders of magnitude is given later.
EXPERIMENT AL
Two types of experimental work are described. First, illustrative calcula tions based on some of the equations derived above are given, using, where appropriate, data based closely on results reported in the literature. Secondly, experiments illustrative of the validity and use of some of the above concepts are described.
Physical dispersion with no chemical reaction
Values of the appropriate parameters of V; = 50 µl, V = 200 µl, U 5 = 50 µl s-1 and C m = 10 to 10 000 µg 1-1 were taken from Stewart and Rosenfeld [5] and used to calculate points for a plot of t:,.t vs. ln [(C�/C') -1] and t:,.t vs. In C�. A linear regression analysis of the data was made. A value of C' was not given and was taken here to be 2 µg i-
•
Reagent dispersion
The manifold shown in Fig. lC was used in which P was a Gilson Minipuls-2 peristaltic pump, the injection valve was an Altex type 201-25 eight-port, double-loop ( 44 and 63 µl) valve, the coil was 100 cm of teflon tubing (0.71 mm i.d.) and the detector was a Pye-Unicam PU4020 u.v. detector for liquid chromatography incorporating an 8-µl flow cell. Peaks were recorded on a Pye-Unicam PM8251 chart recorder. The test solution was 10 -4 M potassium nitrate, the wavelength was 200 nm and the flow rate was measured by col lecting and weighing the detector effluent when distilled water was used as the carrier stream over intervals of ten minutes. The mean and 95% confi dence interval were calculated with no correction for density.
With water as the carrier stream, 10 -4 M potassium nitrate was injected from each loop and the resulting peaks were recorded at a chart speed of 300 mm min-1 • The carrier was changed to 10 -4 M potassium nitrate, the chart recorder rewound and water injected from each loop at the same point on the chart as injections for the first experiment. Values of D g and D� were calculated from measurements taken directly from the chart recording ( a linear absorbance/concentration relationship was assumed), the corresponding values of D� and D g were calculated from Eqns. 6(b) and 6(a), respectively, and linear regression was applied to the data. The 95% confidence intervals for the slope and intercept were also calculated.
A plot of D R vs. D based on Eqn. 6 was constructed, as was a plot of C!,/C� vs. D to illustrate the use of the reagent dispersion coefficient concept in calculating c:;q, ratios. The latter is necessary in conventional f.i.a. based on peak-height measurement to ensure an adequate excess of reagent over sample to drive the desired reaction to an appropriate extent.
To illustrate the use of some of the concepts described earlier to assess the features of reversed f. Values of the "mixing chamber volume" and dispersion coefficient for the experimental results obtained with the manifold (Fig. lC) were estimated from the slope and intercept of the plot of A t eq against In C�. Some repre sentative calculations of the sampling frequency for the low dispersion mode and the variation of C eq with C� for a given value of C� of 10 -4 M was cal culated according to Eqn. 8.
RESULTS AND DISCUSSION
Physical dispersion with no chemical reaction
The results of the calculations based on Eqn. 1 are given in Table 2 . The parameters of the linear regression for the plot of flt vs. In [ ( C" m /C') -1] were slope 3.999 s, intercept -5.036 s and correlation coefficient 0.999995; the values for the corresponding plot of At vs. In C m (the approximation commonly used) were slope, 4.081 s, intercept -8.414 s and correlation coefficient 0.999796. Values of At were calculated to 3 significant figures as were the values of the logarithmic functions. These results show that the approximation of neglecting 1 compared with C�/C' introduces very little error; the error would not be significant for a plot resulting from real values as the experimental uncertainties would be greater than the rounding errors introduced here. Visual inspection of large scale plots of the appropriate data in Table 2 showed curvature only at low values of C�.
· ·
Reagent dispersion
The recorder traces are shown in Fig. 4 . Values of D g and Df are given in Table 3 for ten points on each of the two curves. Linear regression on the 
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As it is the values of D and D R which govern the peak concentrations of sample and reagent, respectively (for any given initial concentrations), it is of interest to see how the ratio of peak concentrations varies with D. If R R/ s is the ratio of reagent to sample, then at the peak maximum R: 1 " = C�/C�, and substituting from Eqns. 2, 3 and the peak version of 6b gives
The relationship between R!'" and D is illustrated in Fig. 5B for the case where R:ls is 10. It can be seen from this plot (and from Eqn. 13) that pro vided D > 2, then R!'" < R: 1 s ; i.e., if a desired concentration ratio is required at the peak maximum to obtain a particular degree of reaction, it is not necessary to have as high a ratio between the reagent carrier and injected sample. For example, in this case, if the value of D was 5, an initial concen- tration ratio of 2.5 produces a peak concentration ratio of 10. To maximize the advantage to be obtained from this relationship (i.e., to economize on reagent as much as possible) requires a large value of D which in turn reduces the sensitivity. The use of the reversed f.i.a. configuration (injection of reagent into sample) has been claimed as a means of increasing the sensitivity [15] . The basis of this claim may be examined by applying the relationships derived above. In the example discussed, it is required that at the peak maximum the sample material shall be diluted to not more than 0.8 times its original con centration and that to obtain the required degree of reaction a 10-fold excess of reagent is required at the peak maximum. For conventional f.i.a., D must be 1/0.8 = 1.25 and thus, from Eqn. 13 a 40-fold concentration excess of reagent ( over the sample concentration) is needed in the carrier stream. For reversed f.i.a., a value of D (based on injected material dispersion) of 5 is required and again a 40-fold concentration excess of reagent (injected) to sample (in the carrier stream) is required. On the basis of the single-line well stirred mixing chamber model for dispersion behaviour, if V = 100 µ1 then to obtain D = 1.25 for conventional f.i.a. the volume injected needed can be calculated from Eqn. 12 to be 161 µ1. For reversed f.i.a., the volume injected required is 22 µl. At first sight it would appear that the theoretical sampling frequency for reversed f.i.a. will be higher than for conventional f.i.a. for manifolds which achieve comparable sensitivity. However, it should be borne in mind that the peak-width at the baseline is set by the time taken for the product concentration to reduce to some acceptable value, say 0.03, of the peak value. In conventional f.i.a., the product profile follows the sample pr o file and thus on the basis of the well stirred mixing chamber model, the base line peak-width is calculated to be 15 s. In the case of reversed f.i.a., the product profile follows the injected reagent profile. As in this example, the reagent is 10-fold more concentrated at the peak than the sample, the pro duct profile returns to within the same value of the baseline as for the con ventional f.i.a. case when the reagent concentration has fallen to 0.003 of its peak value, giving a total width of 18 s. Of course, if discrete samples are used in reversed f.i.a., the sampling frequency is limited. However, reversed f.i.a. does conserve reagent and, for the identical manifold (including volume injected), is more sensitive.
Dispersion and chemical reaction
Typical double peaks are shown in Fig. 6A , the results for the peak separa tions for the range 0.1-10 000 mg r 1 are given in Table 4 , and a plot of •calculated values on the basis of the well-stirred mixing chamber -�odel.
coefficient is calculated to be 1.009 ± 0.007. (All the deviations given are for 95% confidence intervals.) Taking 0.01 mg i-1 as the level indistinguishable from the baseline, the base-widths can be estimated from Eqn. Al.9 (see App' e:ndix 1) and values of Vi, V and u for the above experiment. The results of 1 the calculation are shown in Table 4 . Thus the base-width increases by" about 7, s for every 10-fold increase in sample concentration as does the doublet peak separation. Thus five orders of magnitude change in concentration can be accommodated on one calibration graph without the base-width becoming impractically large. As time measurements may be made, with fairly simple data logging equipment, to the nearest 0.01 s [14] and precisions of well under 1% RSD may be obtained, it should be possible to distinguish between small relative differences in concentration. At high concentrations of analyte, this may provide a satisfactory measurement of the analyte concentration or, if not, it will give the dilution factor required to bring the concentration onto a more accurate restricted range calibration. For low concentrations of analyte com pared with reagent, such a calibration may be obtained from the doublet peak chart recording with no further experimental work other than measur ing peak height.
The reason for this is embodied in Eqn. 8. If essentially complete reaction is assumed, C eq represents the product concentration at the peak maximum. The way in which this is related to sample concentration C':r, is illustrated in Fig. 7 for a reagent concentration of 10 --4 M. It can be seen from Fig. 7 that, assuming that peak height could be measured, almost linear calibrations would be obtained over the ranges 0-10-s M, 0-10- 
CONCLUSIONS
The derivation of equations relating peak-width to concentration for the peak shapes produced by passage through a well stirred mixing chamber needs no approximations or simplifications. In the absence of chemical reac tion, peak-width is not simply a logarithmic function of concentration but a function which approximates very closely to it. For the case in which chemi cal reaction occurs, the simple ln( concentration) relationship is exact (but only for the single-line manifold). For the merging stream manifold, an equa tion similar to the case for no chemical reaction applies and a similar approx imation may be made to restore the ln(concentration) relationship. The concept of reagent dispersion coefficient is useful in deriving the equations for the case involving chemical reaction and may be applied to other situa tions in f.i.a., as the relationship with dispersion coefficient is independent of peak shape. Together with the single mixing chamber model of dispersion be haviour, the reagent dispersion coefficient can be used to predict the perfor mance of particular manifolds for systems based on both normal f.i.a. and reversed f.i.a., i.e., the model may be usefully applied to manifolds which do not contain a real mixing chamber.
The peak-width mode in which the reagent concentration is deficient at the centre of the profile has a number of features capable of exploitation for analytical purposes, particularly when the reaction product is monitored rather than one of the reactants. The product peaks occur when the equiva lence condition is achieved in the flowing stream and thus there is no diffi culty in locating the time values associated with this condition. The only limit to the lowest concentration detectable by this method is set by the ability of the detector to distinguish the product profile from the baseline. Equivalence points can always be achieved by injecting a large enough volume. As this produces a low dispersion coefficient, some caution is needed in the use of tenns such as "high dispersion" to describe peak-width methods in f.i.a. The peaks are broader than those obtained in conventional peak-height f.i.a. but the method covers a much wider range of concentrations, so that dilution and re-injection of off-range samples are avoided. The double-peak mode is not restricted to samples of greater concentration than the reagent and contains information to allow peak height to be used as a quantitative parameter, if de sired, when the sample concentration is less than the reagent concentration.
This method has considerable potential for investigating chemical reac tions, as a manifold designed to give peaks on a scale of minutes or even hours could be used to provide information about the stoichiometry of a reaction and the deviation of the product profile from the theoretically expected pro file could be used to calculate the equilibrium constant of the reaction. Each rise and fall of the sample profile provides information analogous to that ob tained from the various methods available for determining equilibrium con stants (e.g., Job's method, mole-ratio method, Bjerrum's method [16] ). A variety of detectors in series could give essentially simultaneous monitoring of a variety of species in the solution.
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APPENDIX 1. Physical dispersi�n i� a well stirred mixing chamber
The basis of this model for dispersion behaviour is that the injected plug is transported undispersed to the mixing chamber and that no further dispersion occurs betwe" en the mixing chamber exit and the detector. The resulting C, t profile can be described in three stages.
· ' · · 
APPENDIX 2. Merging stream manifold with reagent concentration always in excess of sample concentration
The manifold is shown in Fig. lB and the concentration profiles in Fig. 2C . It is assumed that complete reaction occurs so that the product profile is the dispersed sample pr ofile before reaction. The effect of merging the effluent of the mixing chamber with an other stream is to dilute both streams. If u s and u R are the flow rates of sample and re agent streams, respectively, then the sample is diluted by a factor (u s + u R )/u s at the confluence point and the reagent by a factor (u s + u R )/u R . These reciprocals of these fac tors are referred to as rs and /R, respectively. To derive the equation for the peak-width, the equation for the corresponding width of the original sample profile is derived (see 
APPENDIX 3. Merging-stream manifold with sample concentration in excess in profile centre
The reagent stream (Fig. lB) is diluted by a factor of 1/f R and thus for a 1 :1 reaction the equivalence condition is achieved when C 
APPENDIX 4. Equivalence condition for general stoichiometric ratio
The reaction between sample, S, and reagent, R, is represented as mR + nS _,. qP, where
